We adopt a recently developed technique, dynamic semicircular bend testing, to measure the fracture initiation toughness, fracture propagation toughness, and fracture velocity of polymethylmethacrylate (PMMA). A modified split Hopkinson pressure bar system is used to apply the dynamic load. In this method, both the fracture initiation toughness and fracture energy, and thus the average fracture propagation toughness, are determined. The initiation toughness is found to be similar to the propagation toughness, and both toughnesses are loading rate-dependent. Our initiation toughness values for PMMA are in accord with those reported in the independent literature. The fracture velocity increases and then becomes saturated as the propagation toughness increases. We also measure the fracture surface roughness of the recovered fragments. While the surface roughness increases with the fracture energy, the increase of surface area alone is not sufficient to accommodate the increase in fracture energy, suggesting other energy dissipation mechanisms in the dynamic fracture process besides free surface creation.
Introduction
Polymethylmethacrylate (PMMA) is a homogeneous and isotropic polymer that is widely used in many applications for its transparency, high yield strength, and low density and cost. However, it is brittle at room temperature. There is a sustained interest in understanding fracture in such polymers. Many studies have been conducted on the fracture of PMMA under quasistatic conditions [Kobayashi et al. 1972] , while limited attempts have been made to measure the dynamic fracture properties of brittle solids (including PMMA), primarily due to the difficulties in experimentation and subsequent data interpretation [Maigre and Rittel 1995] . For example, a significant inertial effect can exist during high-loading rate loading as demonstrated by Böhme and Kalthoff [1982] . In their experiments, a three-point bend sample was loaded dynamically by a drop weight, and they showed that the crack tip stress intensity factor (SIF) history measured with the shadow optical method of caustics did not synchronize with the load histories at the supporting points due to the inertial effect. This inertial effect may subsequently complicate the data reduction and interpretation.
The inertial effect on the fracture toughness can be separated with optical methods [Dally 1979; Kobayashi and Dally 1977b; Rosakis et al. 1984; Xia et al. 2006] , which normally require high-speed photography. For other testing methods, the inertial problem can be circumvented with the combination of experimental measurements and numerical simulations [Maigre and Rittel 1995] , but this process is rather tedious to apply. Recently, Owen et al. [1998] observed that the SIFs obtained by directly measuring the crack tip opening are consistent with those calculated with the quasistatic equation when the dynamic stress equilibrium of the specimen is roughly achieved in split Hopkinson tension bar testing. This concept was subsequently adopted in [Weerasooriya et al. 2006] for ceramics in split Hopkinson pressure bar (SHPB) testing using a dynamic four-point bend method.
For static fracture, there is only one fracture toughness, namely fracture initiation toughness. Fracture initiation toughness is also relevant in dynamic fracture. There are a few studies on dynamic initiation toughness for PMMA [Wada 1992; Wada et al. 1993; Rittel and Maigre 1996] . In addition, there is a fracture propagation toughness that characterizes material resistance to a propagating crack during dynamic fractures. Because propagation toughness is directly related to energy consumption during fracture failure processes, it is desirable to measure both toughnesses for dynamic fractures. Fracture propagation toughness is usually measured using optical methods for transparent polymers or polished metals [Kobayashi and Dally 1977b; Dally 1979; Rosakis et al. 1984; Xia et al. 2006] . In a recently developed dynamic semicircular bend (SCB) method [Chen et al. 2009 ], fracture initiation toughness, fracture energy (and thus average fracture propagation toughness), and average fracture velocity can be measured simultaneously. The measurement of fracture energy also allows us to gain insight into the energy dissipation mechanisms during dynamic fractures.
The fracture propagation toughness is commonly a monotonically increasing function of crack velocity. This relationship was first proposed in [Kobayashi and Dally 1977a; Dally 1979] for PMMA using a dynamic photoelasticity method. Rosakis et al. [1984] reached a similar conclusion using wedge loaded cantilever beam specimens made of AISI 4030 steel. More evidence for this dependence was subsequently observed by using three-point bend specimens loaded in a drop weight tower in [Zehnder and Rosakis 1990] . At low fracture speed, the dependence of SIF on fracture velocity is weak, while at higher crack speeds it becomes quite pronounced. As the fracture velocity is close to its limiting value, the fracture toughness can be very large as compared to the static value. This leads to the notion of a limiting fracture velocity beyond which the fracture cannot propagate no matter how hard it is driven. Similar results were also observed for 2024-T3 aluminum [Owen et al. 1998 ]. Other researchers, for instance Évora et al. [2005] , clearly observed that the SIF continues to increase under a constant maximum velocity, supporting the limiting fracture velocity postulation. This limiting fracture velocity during dynamic loading is also of interest for PMMA.
In this study, we use the semicircular bend (SCB) method (originally proposed in [Chong and Kuruppu 1984] and extended in [Chen et al. 2009 ] to dynamic testing for brittle materials) to perform fracture testing on PMMA with split Hopkinson pressure bar (SHPB) and notched SCB specimens. Section 2 addresses the SCB sample preparation and SHPB setup for SCB testing, and Section 3, the measurement techniques and data reduction methodology. The results and discussion on the initiation and propagation fracture toughnesses, and fracture velocity under different loading rates, are presented in Section 4. This section also discusses the correlation between fracture surface toughness and fracture energy as regards the energy dissipation mechanisms during dynamic fracture. Conclusions are given in Section 5.
Experimental setup and sample preparation
A 25 mm diameter SHPB system (Figure 1) Figure 1 . Schematics of the SHPB system, notched SCB sample, and LGG system. lengths of the striker, incident, and transmitted bars are 300 mm, 2500 mm, and 1500 mm, respectively. The strain gauge stations on the incident and transmitted bars are 933 mm and 500 mm away from the respective bar-sample interfaces. When the striker bar impacts the incident bar, a compressive wave is generated and propagates into the sample (see Figure 1 ). The interaction of the incident wave with the sample results in two waves: the reflected wave propagating back into the incident bar and the transmitted wave propagating into the transmitted bar. The incident wave, reflected wave, and transmitted wave are denoted with subscripts i, r , and t, respectively. The respective loading forces on the incident and transmitted ends of the specimen are:
where E is the Young's modulus of the bar material, A is the cross-sectional area of the bar, and ε are the strains. The strain gauge signals are relayed to the Wheatstone bridge circuits, amplified, and then recorded by an eight-channel Sigma digital oscilloscope (Nicolet). The striker velocity is measured by a laser-detector system. A PMMA rod (radius R = 19.05 mm) is sliced into discs (thickness B = 16 mm) that are in turn split into semicircular shapes. A 1.6 mm wide and 6 mm long notch is then introduced into the sample, with a sharp tip of radius 0.15 mm (Figure 2 ). This radius is comparable to that used in the dynamic fracture tests of PMMA of [Maigre and Rittel 1995] . For compression-bend loading, the SCB specimen is placed in tangential contact with the incident bar and in point contact with two pins on the transmitted bar separated by a distance S (see Figure 1 ).
We adopt a laser gap gauge (LGG) system to measure the time-resolved crack surface opening displacement (CSOD; see Figure 1 ). The details of the LGG system are presented in [Chen et al. 2009 ]. The amount of light passing through the notch increases with increasing notch width during opening, and is recorded by the LGG system as voltage signals. The voltage is linearly proportional to the gap width and thus the CSOD. Because PMMA is transparent, blue ink is sprayed on the specimen near the notch region to block the laser light except in the notched area ( Figure 2a ). To measure the crack propagation velocity, three 0.5 mm (in diameter) pencil leads and break-wire circuits are attached to the sample with instant brittle glue as crack gauges. They essentially detect the onset of fracture at three different positions. The leads are flattened along the axis in order to improve their bonding strength with the PMMA specimen.
It is critical to achieve dynamic force balance in the specimen during dynamic loading. To this end, we utilize the pulse shaper technique, which was detailed in [Frew et al. 2005] . In traditional SHPB tests, the sharp rising front of the incident wave causes a sudden increase of load in the sample at the end in contact with the incident bar. For brittle materials, this type of load may induce undesired damage to the sample, leading to significant complications and possibly errors in interpreting the measurements. We used a black rubber disc of 2.5 mm diameter and 2 mm thickness as the pulse shaper. This method normally yields an incident pulse with a ramp front of about 100 µs in duration, which allows the sample to achieve force balance throughout the loading stage of the deformation. Figure 3 shows the forces on both ends of the specimen in a typical test. Equation (1) states that the dynamic force on the incident-bar side of the specimen (P 1 ) is proportional to the sum of the incident (In) and reflected (Re) stress waves, and that on the transmission-bar side (P 2 ) to the transmitted (Tr) stress wave. For SCB tests, P 2 is equally distributed to the two supporting pins. As shown in Figure 3 , Figure 3 . Dynamic force histories in a typical dynamic SCB test. the dynamic forces on both sides of the specimen are almost identical during the entire dynamic loading period. Inertial effects are thus approximately eliminated because there is no global force difference in the specimen. Given negligible inertial effects, we can then perform quasistatic analysis [Chen et al. 2009 ].
3. Measurement techniques and data reduction 3.1. Loading history and fracture velocity. Figure 4 shows the loading history (P 2 ) and corresponding CSOD history during a dynamic SCB test. We denote the time zero (A) as the arrival time of the incident pulse at the sample. Because dynamic force balance is achieved, time instant B (102 µs), when the load reaches its peak, corresponds to the fracture initiation in the specimen, as in a quasistatic experiment. The slope of the CSOD increases with time and approaches a terminal constant beginning at instant C (136 µs). The two vertical lines passing through points B and C divide the entire deformation period into three stages. In stage I, the crack opens up elastically; in stage II, the crack propagates dynamically; in stage III, the fracture separates the sample completely into two pieces. The terminal separation velocity of the two fragments is the linear slope in CSOD after instant C. This velocity v = 12.3 m/s is twice the individual fragment terminal velocity. At instant D (180 µs), the completely separated fragments fly further away from each other.
We use high-speed photographs to illustrate qualitatively these representative instants ( Figure 5 ). These photos are taken with a Photron SA-1 high-speed camera at 180 thousand frames per second. Each frame contains 125 × 125 pixels. Figure 5 shows the crack initiation at instant B, complete fracture at instant C, and pure rotation of the fragments with respect to the contact point of the specimen with the incident bar at instant D, consistent with the strain gauge measurements (Figure 4) . The gauges were glued on the other side of the specimen for this test.
Crack propagation lasts about t BC = 34 µs. Given the crack distance L s = R − a = 12.7 mm for this test, we estimate the average crack growth velocity as v f = 374 m/s. We also use crack gauges to estimate the fracture propagation velocity. Three crack gauges made of pencil lead are separated by l 1 = 5.55 mm and l 2 = 4.43 mm (see Figure 2) . The time separations between the arrivals of the fracture onset signals are t 1 = 14 µs, and t 2 = 14 µs, respectively (see Figure 4) . Thus the corresponding average fracture velocities are v 1 = 396 m/s, and v 2 = 309 m/s. The fracture velocity appears to decreases as the crack propagates during dynamic loading. The first gauge is cemented at about 1.2 mm away from the crack tip in order to avoid interfering with crack initiation. This explains the 3 µs delay between the crack initiation and the breaking of the first crack gauge. The fracture velocity as measured with LGG is consistent with the crack gauge results. One advantage of the LGG is that it is a noncontact method.
3.2. Calculation of initiation fracture toughness. The stress intensity factor (SIF) of the mode-I fracture of the SCB specimen can be calculated from (2), in analogy to the rectangular three-point bending method in the ASTM standard E399-06e2 [ASTM 1997]:
where P(t) is the measured load force history, and Y (a/R) a dimensionless geometry factor which can be calculated with a standard finite element software package (for example, ANSYS [Kolsky 1953 ]:
where E is the Young's modulus, A is the cross-sectional area, and C is the wave speed of the bar. The total energy absorbed by the specimen then is W = W i − W r − W t . Part of the total energy absorbed is used to create new crack surfaces, namely the total fracture energy W G ; the other part remains in the fragments as the residue kinetic energy (K ). That is, W = W G + K . Note that there may be some residual strain energy in the fragments. However, the fragment releases the strain energy at the speed of elastic wave velocity; the strain energy release is virtually at the same pace as the release of the far-field load. We thus assume that this strain energy is negligible. For the rotating fragments, the moment of inertia is I , and the total rotational kinetic energy is K = I ω 2 /2, where the fragment angular velocity ω is estimated from the CSOD data. The average propagation fracture energy is G c = W G /A c , where A c is the area of the crack surfaces created. Here we use the projected area for the crack surface area. Assuming the plane strain, the average dynamic propagation fracture toughness is:
where E = 3.24 GPa and ν = 0.35 are the Young's modulus and Poisson's ratio of the specimen respectively, with the values taken from the literature [Needleman and Rosakis 1999] .
Results and discussion
Fifteen SCB samples of PMMA are tested at various impact velocities, and all of them are split cleanly into two equal pieces with smooth fracture surfaces, as shown in Figure 6 . The results are summarized in Table 1 , including loading rateK I , initiation fracture toughness K 4.1. Loading rate effect. The loading rate may have a considerable effect on the fracture toughness of a solid under dynamic loading. We characterize the loading rate withK I obtained from the time evolution of SIF (K I ). Figure 7 shows loading and unloading in terms of SIF in a typical test. During the loading period, K I increases with time and then reaches a constant (maximum) during 75-100 µs, followed by a drop before unloading; this maximum loading rate is adopted as the loading rate in a specific test, and also denoted asK I for simplicity. In this work, fifteen different loading rates are explored; for each loading rate, the initiation and propagation fracture toughnesses of a SCB specimen are determined (see Table 1 and Figure 8 ). Both the initiation and propagation fracture toughnesses increase with loading rate. At a given loading rate, the initiation fracture toughness is slightly higher than the propagation toughness (except in one case Figure 7 . Typical SIF-time curve for determining loading rate. at 145 GPa m 1/2 /s). From the roughness measurement discussed below, the fracture surfaces are smooth. However, there is a finite radius at the tip of the notch prefabricated for crack initiation, which may lead to larger initiation toughness. Figure 9 compares our results for fracture toughness with those reported in the literature [Wada 1992; Wada et al. 1993; Rittel and Maigre 1996] . It can be seen that at high loading rates (10 4 -10 5 MPa m 1/2 /s), our data agree well with those of this last reference, further confirming the validity of the dynamic SCB method. The dynamic SCB method has advantages such as simplicity. Our result at low loading rates is also in accord with previous data.
The fracture toughness (K I ) data can be described with an exponential form:
where K I 0 andK I 0 are fitting parameters. Fitting (3) to our data only yields K I 0 = 1.85 MPa m 1/2 andK I 0 = 1.0 × 10 5 MPa m 1/2 /s in the loading rate range of 10 −1 -10 5 MPa m 1/2 /s (dashed curve, Figure 9 ). If both present and previous data are used, we obtain K I 0 = 1.47 MPa m 1/2 andK I 0 = 1.2 × 10 5 MPa m 1/2 /s (solid line, Figure 9 ) in a wide range of loading rates (10 −2 -10 5 MPa m 1/2 /s). Further experiments are desirable to establish whether these results can be extrapolated to even lower or higher loading rates.
Fracture velocity.
The propagation fracture toughness is believed to be a function of fracture velocity [Zehnder and Rosakis 1990] . Our experiments show the increase of propagation fracture toughness K P I with increasing fracture velocity (Figure 10 ). For example, K P I is 7.82 MPa m 1/2 at the highest fracture velocity (386 m/s) achieved, and decreases to 1.5 MPa m 1/2 at 267 m/s. At low velocities, the propagation fracture toughness is relatively insensitive to fracture velocity, but it increases drastically as the fracture velocity v f approaches a limiting value v l . Thus, the fracture velocity becomes saturated at high K P I . The relationship between fracture velocity and fracture propagation toughness can be described empirically as [Anderson 2005] :
where m is a constant, and K I A is the fracture arrest toughness which corresponds to K P I at zero fracture velocity. Fitting our data to the equation yields (see Figure 10 ). The value of K I A as predicted from our results at v f > 250 m/s is in excellent agreement with the averaged fracture toughness obtained at low fracture velocities (v f ∼ 0) in [Marshall and Williams 1973] . This is not surprising, though, because K I A represents the fracture toughness limit at zero crack velocity. It is noted that the relation presented in the equation is not universal. It applies to the sample geometry presented in this work, and the sample geometry presented by Rosakis and his coworkers, but it may not be applicable to other sample geometries.
The observation of the limiting fracture velocity (385 m/s) is also interesting. In [Rittel and Maigre 1996] a fracture velocity of 306 m/s was reported at an initiation toughness of 6.15 MPa m 1/2 , consistent with our results (365 m/s at 5.17 MPa m 1/2 ). Our experiment configuration is similar to that of Rittel and Maigre: the sample boundaries are free except for the loading points and thus the edge release is pronounced. Figure 11 . (a) Silicone rubber molds of three SCB fracture surfaces selected for roughness evaluation (samples #3, #7, and #12), and (b) the corresponding fracture surface replicas cast from the rubber molds.
4.3.
Fracture surface roughness and fracture energy. To investigate the relationship between fracture energy and fracture roughness as a function of strain rate, the fracture surface topography of three PMMA SCB specimens loaded at different strain rates is measured with a white light 3D stereotopometric system, the advanced topometric sensor (ATOS) II (GOM mbH).
Digitization of the PMMA fracture surfaces is problematic because of the transparency of PMMA. We thus create replicas of the fractured SCB surfaces via molding and casting: the negative mold of a fracture surface is first made with silicone rubber (Figure 11a ), and this mold is then used to cast fracture replicas out of a quick setting flowable anchoring cement (Figure 11b) .
Digitization of each replicated fracture surface requires two individual measurements with the ATOS system. The scanning grid size is about 40 µm by 40 µm. Transformation of these measurements into a common coordinate system is achieved by affixing several 0.4 mm (diameter) reference points around the boundaries of the fracture surfaces (see Figure 11b) . The average deviation between redundant data (that is, overlapping measurements) is termed the mesh deviation, which provides an estimate of the intensity of the average measurement noise of the system [ATOS 2008] . For the three fracture surfaces digitized in this study, the mesh deviation is less than 5 µm. Following completion of all measurements, the resulting point clouds for each sample are polygonized into triangulated irregular networks using the default triangulation algorithm of the ATOS software (Delaunay triangulation with no smoothing). This process deletes redundant points of the point cloud and discretizes the surfaces into contiguous triangles with vertices defined by neighboring points of the point cloud.
For the current study, the surface roughness coefficient, R s , is adopted to characterize the roughness of the three replicated SCB fracture surfaces. The value of R s is given by [Soudani 1978] as follows:
where A t is the true area of the surface defined by the summation of the area of each triangular element, A i , comprising the 3D surface [Lange et al. 1993] , and A n is the nominal area defined by the projection of the actual area onto a best-fit plane through the surface. For a perfectly flat surface, R s equals a minimum value of 1, while most fractures in brittle materials have R s values between 1 and 2 [Belem et al. 2000] . Considering a digitized SCB fracture surface (Figure 12 ), a plane parallel to the notch plane is used to define the nominal area surface rather than a best-fit plane through the fracture surface. For each sample, the maximum area of the digitized fracture surface, excluding the notch plane and any damaged areas around the perimeter of the primary fracture, is considered when calculating the true surface area and corresponding nominal surface area. As the calculated fracture energy corresponds to the propagation of the primary fracture, inclusion of the damaged areas around the perimeter of the primary fracture resulting from secondary and tertiary fracturing under high strain rates would lead to increased values of R s that do not represent the roughness of the primary fracture. (Secondary microcracks are not found with optical microscopy, though.) Thus, a potentially misleading relationship between fracture energy and fracture roughness may result. For the three representative samples (#3, #7, and #12), W G varies from 0.23 to 6.95 J, but the measured values of R s vary slightly from 1.002 to 1.01.
If we assume that W G dissipates only in the form of surface energy, W G should scale linearly with A t and thus G c should scale linearly with R s . However, considering the two extreme cases (samples #3 and #12), G c for #12 is about 30 times that for #3, while the corresponding ratio for R s is only 1.01. This observation calls for additional energy dissipation mechanisms during dynamic fracture. Indeed, researchers recently showed the importance of the process zone to the total energy budget in earthquake ruptures, where dynamic rupture may induce damage around the rupture tip [Poliakov et al. 2002] . In the case of PMMA dynamic fracture as studied here, the additional dissipation mechanisms may include the plasticity or viscosity, because no microcracks are observed in the recovered specimen, and remain to be investigated in the future. 
Conclusion
We have performed dynamic SPHB bending tests on notched semicircular PMMA specimens as well as finite element analysis and postmortem fracture surface roughness measurements, and obtained the initiation fracture toughness, propagation fracture toughness, and fracture velocity at different loading rates. The initiation and propagation toughnesses are similar and both increase with loading rate, the fracture velocity increases with the propagation toughness but reaches its limit at about 385 m/s, and their numerical relations are established. Our results also call for other energy dissipation mechanisms during dynamic fracture of PMMA besides free surface creation.
